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ABSrRACT

Some experimental work is presented that is
cycles for the production of hydrogen which
bismuth oxysulfates. Omitting statement of
and the electrochemical formation of H2 and
high and low temperature reactions are:

Cycle I
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ated to two hybrid thermochemical
involve bismuth trisulfate and/or
the steps for decomposition of S03
H2S04 from S02 and H20, the

(

Bi2(S04)3 - B1202.3(S04)007 + 2.3 S03

Bi20203(S04)0.7 + 2.3 d2S04 = Bi2(S04)3+ 2.3 H20

Cycle II

Bi20(S04)2 = Bi202a3(S04)Oa7 + 1.3 S03

Bi202.3(S04)Oa7 + 1.3 H2S04 - Bi20(S04)2 + 1.3 H20
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Equilibrium sulfur !rioxide pressures are given graphically for three ‘olid-aas ;
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Some experimental work is presented that is related to two hybrid thermochemical !
cycles for the production of hydrogen which involve bismuth trisuifate andlor !
bismuth oxysulfates. Omitting statement,of the steps for decomposition of S03 i
and the electrochemical formation of H2 and H2S04 from S02 and H20, the
high and IOU te~erature reactions are: I

/
Cycle I I

1 1

Bi2(S04)3 - Bi202.3(S04)0.7 +2.3 S03 I*
\, Bi202.3(S04j0.7 +2.3 H~S04=Bi~(S04)3 +2.3 H20

,,
,

I /
/’

Cycle 11 I ,“
I .

Bi20(S04)2 = Bi202.3(S04)0.7+ 1.3 S03
/1

, /
Bi2C2c3(S04)0.7+ 1.3 H2S04=Bi20(S04)2+ 1.3 H20 r’,

Equilibrium sulfur trioxide pressures are given q.-aphically for three solid-gas
equilibria invclving Bi2(S04)3, a- and 6-Bi20(S04)2, and Bi202S04. An improved ~
method of carrying out the low temperature step fop Cycle I is presented which
~j provide a remedy to a problem of sorption of sulfuric acid Solution by the ,
solids. An antimonyl sulfate - sulfuric acid hybrid cycle is outlined in which I
S02 and 02 are evolved at different temperatures, simplifying the usual
“SOj-SO~-O~ separation problem. I/
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IUynfIDljCTION

Uork on a bismu, sulf~te hybrid thermochemical cycle began with the suggestion
by M. S. Bowman t, it some of the problems of heat penalty and corrosion associa-
ted with the use of solutions in thermochemical hydrogen cycles might be de-
creased by the use oi sollds of low volubility which could be decomposed at high
temperature and that his notion could be applied to sulfuric acid cycles by
forming a sulfate from the H S04.

i
Ideally the sulfate should have low volu-

bility, few or no waters of ydration, and decompose at not ?OO high tempera-
tures. Bismuth sulfate seemed s~itable for investigation.

Two bismuth sulfate cycles are made possible by the stepwise decomposition of
the sulfate-oxysulfate system. Omitting statement of the steps for decomposi-
tion of S03 and the ●lectrochemical formation of H2 and H2SG4 from S02 and H20,
the high and low temperature reactions are:

Cycle 1

Bi~(S04)3 = Bi202.3(~4)007+ 2.3 ~3

Bi20203(M4)0.7 +2.3 H2M4 -Bi2(S04)3 +2.3 H20

Cycle 11

Bi20(S04)2 - Bi20203(~4)OQ7 + 1.3 S03

Bi202.3(~4)007 + 1.3 H2S04= Bi20(S04)2 + 1.3 H20

Cycle I proceeds through the intermediate oxysulfates Bi20(S04)2 and
Bi202S0 and Cycle 11 throu h Bi20 S04.

! 7?
Cycle 1 has the advantage of genera-

ting 2. moles of Hz per mo e of B 203, compared with 1.3 for Cycle II.
Publlshed wrk (Allan, 1902; Urazov, Kindlakov, and Chukan, 1958) on the
3f 03-S0 -H20 system shows that Eli(S04)3 Is the stable solid in contact
wifh H~S#4 solutions above 52.7 wt~ so that acid of at least this s~rength would
have to be used In Cycle I (see, hc~ever, the modlflcatlon of Cycle 1 discussed
later). Concentrations between about 5 wt% and 52.7 wt% could be used fo~ Cycle
II. The ●fficiency for electrochemical formation of H2S04 and H2 seems at
present to be a maximum at around 30 wt%H2S04.

Some thermodynamic data obt~ined for Individual steps in the decomposition reac-
tions will be presented. An improved method of conducting Cycle I will be dis-
cussed which may provide a remedy to a problem of sorption of H2S04 solution
by the sollds.

EXPIRIM’ENTS

Equilibrium Pressures In the Decomposition of Bi2(S04)3 and 8-B120(S04)2

Uork has been completed (u. M. Jones, 1982) on determination of equilibrium to-
tal pressures in closed systems for the first two stages of dissociation. Plat-
Inun black was mixed with the sollds to ●stablish ●quilibrium (l), ,and the known. . .. . . .... , --
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Pt
SOJ - S02+ 1/2 02 (1)

Bi2(S04)3 =a-Bi20(S04)2 +S03 Ali - 140.6 kJ (2?l)

Bi2(S04)3 = #-Bi20(504)2 +S03 AH - 162.3 kJ (2b)

o-Bi20(S04)2 - Bi20~S04 + S03 AH - 174.5 kJ (3)

a-Bi20(S04)2 = &Ri20(S04)2 aH= 21.7kJ
AS- 26.8 J/K

Ttr_815+5K

(4)

‘(hedata are shown in Figs. 1 and 2. There Is a transformation of Bi20(S04)2
at Ttr = 815 + 5 K between a low temperature a and high temperature B form.
The transformation is unusually sluggish , allowing equilibrium pressures for
(2b) involving metastable o to be measured below Ttr. Pressures for (2a)
were obtained after @ had very slowly transformed in situ to stable a below Ttr.
The o form was found from a new x-ray cliff-action pattern observed when
Bi20(S04)2 was made outside the equilib~ium apparatus by thermal decomposition,

AI 076 K \

/

Psq l.Ootm ●l,tw,l,-.,p-Bl,om41,+$o,

PwT=L4atm M,% W,+HO,

P– Ol#McJ,l,-s-m,ow’1,+40,
AM=MJU

\

m- ●ao (sO, ), - # - Bl,omod),

AH-S.2hd, AI=0.4dq-ld-’

\
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Fig. 2. [qui librium S03 pressures.

of 81 (S04)3, at a higher than usual temperature.
f

Time-temperature char-
acter stlcs of the transformation and an Independent value of Ttr were then de-
termined by anneallng and x-ray puwder diffraction methods. The o form appears
to be stable indefinitely at r~om temperature. The transformation should not af-
fect a cycle importantly but would have to be allowed for. Addltlcnal crystal
forms have not been found for th~ other solids In (2a), (2b), and (3).

Survey [Kperi~ntS on the Thermal Decomposition of Bi2(S04)3

Survey experiments on the decomposition of Bi~(S04)3 In flowlng hellum showed
br~aks In decomposition rate after evolution of one nmle of S03 at 1050 K and
after two moles at 1150 K. At 1240 K the abrupt decrease In rate, after less
than two minutes reaction time, took place after ●volution of 2.3 moles. Further
●volutlon at 1240 K was very slow, leading to formation of a llquid phase (even-
tually liquld 01 03), In agreem%nt with the work of M~rgulls, Grlshankina,

(and Kopylov (196 ); such ●volution would require ●xcessive heat Input. Process
development work at Los Alamos (Cox, Jones, and Peterson, 1980; QHollabaugh, 1980;
Peterson and Bowman, 1980) has Included the use of a benchscale rotary kiln to
study the rapid decomposition reartlon of Cycle 11 and several other decr~mposi-
b4--. Th-.- -“n-tit-a.+. -1--- udbh ● h- +hn-mnAunnm4. Amt. nwmcmn+d 4nr *ha



enthalpy change wi”ll be involved in going from Bi202S04 to
Bi20203(S04)Oo7, determine the two cycles that are practically possible.

The gas evolved by the solid at each of the above temperatures was at least 99~c
S03, although extensive dissociation would have taken place at thermodynamic
equilibrium. SO is then the species emerging from the normal sulfate and the

~first two oxysul. ates. These solids were not catalysts for S03 dissociation
within the 0.25 minute residence time, nor would they be for recombination of
S02+ 1/202.

i~ydrates.Sorption of H2S04 Solutions by the Solids. Possible Improvement., ,...-----

of the Cycles

The conclusion of Urazov, Kindiakov, and Chukan (1958) was initially accepted
that anhydrous Ei20(S04) was the stable phase in contact with H S04
solutions between about $ wt~- (about 5 wt% according to Allan, 1~02) and
52.7 wtq., although previous preparativ(a work (Skramovsky and Vondrasek, 1937)
indicated that mono and trihyd~ates could be formed. Later, two new x-ray pat-
te:ns were observed with samples of Bi20(S04)2 known to h,~vebeen exposed
to nmisture. A sample of Bi20(S04)~ prepared from Bi 03 in 1-2 MH2S04

fand dried with acetone and by mild heating in vacuum preparation by C. L.
Peterson) showed one of these patterns. This pattern was changed to the second
pattern after evolution of two moles of water at 275”C. After much slower evolu-
tion of a third nmle of water at 275-C the pattern was that of anhydrous
a-Bi20(S04) .

i
The trihydrate is regularly formed In preparations from

Bi203 and 3 H2S04 for kiln decompositions(Peterson and Bowman, 1980).
The monohydrate (probably a hydroxysulfate) forms very readily at room tempera-
ture in room air from anhydrous material of high specific area.

The writer had earlier drawn attention to occlusion of H2S04 solutions by
Bi20(S04)2 (actually by the trihydrate) when the latter was formed by ad-
ding Bi203 powder to stirred lMH2S04; the observed final 0.8 MH2S04
corresponded to the expected reaction. After centrifuging, the solid was dried
at 280 C to constant weight. The final weight and x-ray diffraction pattern un-
expectedly corresponded tO Bi2(S04)3. Estimates showed that about 10~0
nmre H2S04 had been present in the wet solid than ~as necessary, upoc concen-
tration during heating, to give trisulfate. Since the sorbed solution had about
75 roles H C! per mole of solid, the behavior had no value as a method fof mak-

?Ing trisul ate. Later, C. L. Peterson, in making material under approx’lmately
the same conditions for decomposition in a fluldized bed, was able to ~’educe t6e
amount of sorbed solution greatly, in one case to 8.8 moles 1+20per rwle of
solid. If we assume that incorporation of only 8 moles of H20 per mo~e of pro-
duct can be achieved - three &s hydrate and five as sorbed solutlon - then If
the solution were li.1 m (52.1 wt~.), znough H2S04 would be preserlt to give
trisulfate for a Cycle I process. Heat would have to be provided to vaporize 9
moles of water, including that from H2S0

?
, or 4.5 moles per mole of H . A

$major advant~ge of this way of inlplemelltng Cycle 1 would bz the ●lim nation of
the wrbed solutton problem, with its beet penalty, since observation indicates
ttut Bi2(S04)3 formed directly from sufficiently strong li2S04would
?,Isosorb solution.

It would be necessary that the Bi20[S04)2 trihydrate formed from the high
temperature product (SO ) 7 b? sufficiently active to react with

‘i20t”7 !!”the sorbed H2S04 to give r SU1 & e hcf~re vaporiz~tion of the acid. Too
faSt a heatina rate would h~ve to ho ~un~~m~

~b* &-1...*A.A. . . .



large particle size of Bi20(S04) developed by peterson at Los Alamos to
?give good characteristics for ki n operation came from a filter cake of tr

drate with about 10 moles of water per mole of solid (Peterson and Bowman,
The sorbed solution corresponded to seven waters and 0.36 H S04’S per mole
of solid (2.88 m, 22 wt% final H~S04). fIf this ti2S04 had a 1 reacted to
form trisulfate after concentration durinci heatinci. the final composition [

hy-
1980) .

f the
solid would have been Bi20 -X(S04)X with ~ = 2.36;- In practice x“varied from
2.00 to 2.14. tApparently he morphology and relatively large size of these par-
ticles dia not allow much reaction before H2S04 vaporized. ‘However, the ew
phasis was on kiln performance and no attempt was made to maximize x. [A slight
reinterpretation cf the data of Table 1 of Bowman and Peterson (1980) by the
writer gives 9.0 + 0.5 as the average number of waters per mole of dried product
(water of hydrati~n, from sorbed solution, and the H20 of H S04 itself).

?The maximum fraction of sorbed H2S04 reacting to give trisu fate was 0.475].

A Cycle I carried out as suggested above might also be superior to Cycle 11.
The heat penalty associated with sorbed solution would be allocated to 1.77
(- 2.311.3) times as many moles of hydrogen in Cycle I. The dependency on the
acid concentration of the efficiency of electrolysis and the volume of solution
sorbed per mole of trihydrate might lead to optimum behavior at some intermediate
acid concentration corresponding to a combination of Cycles I and 11.

Finally, It is possible that the formation of the trihydrate. altho~gh not Of
the monohydrate, could be avoided with the more concentrated H2S04 for a Cy-
cle I, as indicated by the experiments in Table 1. The avoidance would be for
kinetic reasons. It is assumed that Bi202Q3(S04)Oo7 wuld behave like the
Bi203 and Bi20(S04)2 in Table 1. The heat pen~lty associated with two
H201s ot hydration would be eliminated and the water (in all forms) would
be reduced from 4.5 to 3.5 moles per mole of H2. :iowever, sorption character-
istics of the monohydrate might be different from those so far observed, which
pertain to the trihydrate.

TABLE 1 Hydration of Bi2@3-2S03 in More Concentrated H2S04

H2S04
Initial Solid Concentration Time Temp. ,”C Product

1. Bi#$ 50 Wt x 3h
(44 wt% final)

2. a-Bi2~3~2S03 50 Wt $ 40 min

3. a-Bi2,~*2S03 50 Wt x 6h

4. a-Bi203.2S03 50 Wt % 5h

S. a-Bi203.2S03 1 m 10 mln
followed by

44 Wt % 5h

25-40 6i 03-2S03- (1.06
8H2 ), from initial weight

and product after EtOH
extraction of H2S0

!and drying 6 h at 28-C
25-40 Bi20-2S03” (0.97 H20);

monohydrate x-ray
patterl.

75 Bi20q ZS03”(l.21 HzO);
‘honohydrate x-ray
pattern

100 Bi 03”2s03”(l.88t@);”
?tr hydrate and mono-

hydrate x-ray patterns.
25 Bi 03”2S03”(3.1 H20);

?tr hydrate x-ray
75 nattmvn



A PROPOSED ANTIMONYL SULFATE -SULFURIC ACID HYBRID CYCLE

As wI1l be seen, this cycle offers the possibility of greatly simplifying the
SC)3-S02-02 separation problem. Sulfuric zcid-solid sulfate (or oxysulfate)
cycles in which the metal ion can have variable valence have the possibility of
forming S02 and a higher valence state oxide. The conditions on the sulfate o~t-
lined in the Introduction and decomposition of the oxide at reasonable temper-
atures to oxygen and a lower valent oxide (for reaction with H S04) would be
necessary. {Decomposition of the sulfate to give both S02 and 03, as is fo~nd
with some first transition series sulfates, would not be o+ interest. This indi-
cates the need to match the number of sulfates (say by choosing an oxysu-lfate)
to ‘he available change in oxidation number of the metal ion. One possibility
is antimonyl sulfate.

Sb202S04 = Sb204 + S02

Sb204 _ Sb20~ + 1/2 02

Sb20s + H2S04 = Sb202S04 + H~O

900 K

1300 K

(1)

(?)

(3)

The temperature for (1) is suggested by the “glowing redn temperature at which
Metzl (1906) decomposed Sb2(S04)3 to S03 and Sb204. Detailed conditions
of the experiment were not given. No mention was made of S02 formation, Sb293
was apparently sometimes present, aridsome of the Sb204 could have been formed
by air oxidation of sesquioxide. However, preliminarily considering Sb202S04
decomposition to give Sb20 and SO ,

! !
calculations show that S03 should

oxidize Sb203 to Sb204, al owing ( ) to be achieved as written. The
different temperature ranges of (1) and (2) should permit S02 and O: to be
evolved separately. The vapor pressure of Sb203(l) is relatively high at the
temperature of (2); avoidance of back reaction and recovery of the heat of
condensation would be necessary.

Hintermann and Venuto (1968) report that anhydrous Sb202S04 can be formed
in boiling 6.5M H2S04 (9.0 m, 47 wt~.). The definite compound Sb6t17(S04)2,
or Sb#3 2/3 SO (Bovin,

$
1976; Hintermann and Venuto, 1968), forms in the

range 4.3 to 6. M at room temperature or in 2.0 to 6.5M in the boiling acid
(Hintermann and Venuto, 1968). If the solids sorb the H2S04 solution, it
might be possible to handle this problem, and perhaps use weaker acid then other-
wise, as suggested for the bismuth cycles.
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